Abstract. MicroRNAs (miRNAs) are small non-coding RNAs that are involved in tumor initiation and development by suppressing target gene expression. miRNA-154 has been shown to be important in tumorigenesis in many types of cancers. However, its role in osteosarcoma (OS) remains unknown. In the present study, we focused on the roles and mechanisms of miR-154 in OS development. The results of quantitative RT-PCR showed that miR-154 expression was decreased in primary OS tumor samples and cell lines compared to levels in the matched adjacent normal tissues and human normal osteoblast cells (NHOst). Restoration of expression in U2OS cells inhibited cell proliferation, colony formation, migration and invasion, as well as induced cell cycle arrest at the G1 stage. Bioinformatic prediction suggested that Wnt5a is a target gene of miR-154. It was further verified that Wnt5a is a target gene of miR-150 in OS cells using luciferase assay, mRNA and protein expression analysis. Wnt5a was upregulated in OS cell lines and primary tumor samples, and its mRNA expression level was negatively correlated with the miR-154 level in the OS tissues. Restored expression of Wnt5a weakened miR-154-mediated suppression of tumor progression. Taken together, these findings suggest that miR-154 functions as a tumor suppressor in OS by partially suppressing Wnt5a expression.
Introduction
Osteosarcoma (OS) is a rare malignancy but the most common bone sarcoma affecting rapidly growing bones, particularly in children and adolescents (1) . Along with the development of therapeutic strategies combining chemotherapy, surgery and sometimes radiotherapy, the prognosis of OS has gradually improved over the past 30 years (2). However, for patients who present with metastatic disease or whose tumor recurs, the 5-year survival is less than 30% (3). Although great efforts have been taken to explore the molecular mechanisms of the carcinogenesis of OS, the fundamental molecular mechanisms of OS underlying initiation and development have not been fully elucidated (4) . This emphasizes the need for novel molecular targets and novel alternative therapeutic strategies to improve the clinical outcome of patients suffering OS.
MicroRNAs (miRNAs) are non-coding messenger RNA (mRNA) sequences containing approximately 22 nucleotides that act as important regulators of gene expression by specifically binding and cleaving mRNAs or inhibiting their translation (3, 5, 6) . Accumulating evidence has demonstrated that miRNAs are involved in various biological processes, such as cell proliferation, apoptosis, migration, invasion, differentiation, stress resistance, fat metabolism and development (7, 8) . Approximately half of all human miRNAs are located in cancer-associated genomic regions; thus, they function as tumor-suppressor or oncogenic miRNAs by modification either of oncogenic or suppressor genes (9) . In human OS, a number of miRNAs have been identified to be aberrantly overexpressed or downregulated during its progression, such as miR-34a, miR-125b, miR-143, miR-21, miR-503 and miR-217 (10) (11) (12) (13) (14) (15) . These miRNAs play oncogenic or tumor-suppressive roles in OS by suppressing their target genes.
miR-154 is located on human chromosome 14q32, which is a very conservative miRNA cluster in mammalians (16) . Recently, several reports have demonstrated that miR-154 is a downregulated miRNA in prostate (17) , breast (18) , liver (17) , non-small cell lung (19) , colorectal (20) and thyroid cancer (21) , suggesting that miR-154 plays a tumor-suppressor role. However, the functions and underlying molecular mechanisms of miR-154 in osteosarcoma are largely unknown. Therefore, the aims of this study were to investigate the expression of miR-150 in OS cell lines and primary tumor samples and assess its effects on cell proliferation, cell cycle distribution, apoptosis, migration and invasion, as well as to determine its target gene and molecular mechanism in OS cells. Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (Invitrogen) and streptomycin (100 mg/ml), and penicillin (100 U/ml) in a humidified incubator with 5% CO 2 at 37˚C.
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RNA extraction and quantitative reverse transcription-PCR.
Total RNA was extracted from cultured cells or tissues using TRIzol (Invitrogen) according to the manufacturer's protocol. For detection of the miR-154 level, cDNA was synthesized from 5 ng of total RNA using the Taqman ® miRNA reverse transcription kit (Applied Biosystems, Foster City, CA, USA). The expression levels of miR-154 were quantified using the miRNA-specific TaqMan ® miRNA assay kit with miR-154-specific primers (both from Applied Biosystems) under the ABI 7500 sequence detection system (ABI-Prism; Applied Biosystems). For detection of the miR-154 level, cDNAs were synthesized from total RNA using the PrimeScript RT reagent kit (Takara, Dalian, China) according to the manufacturer's instructions. The following primers were used to amplify Wnt5a: sense primer, 5'-CTTCGCCCAGGTTGT AATTGAAGC-3' and antisense primer, 5'-CTGCCAAAAAC AGAGGTGTTATCC-3'. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was amplified as an internal control using the sense primer, 5'-ACCACAGTCCATGCCATCAC-3' and the antisense primer, 5'-TCCACCACCCTGTTGCTG TA-3'. Quantitative reverse transcription-PCR (qRT-PCR) was performed using SYBR ® -Green PCR Master Mix on the ABI 7500 system. The relative level of Wnt5a was normalized with GAPDH, and miR-154 was normalized with U6 using the 2 -∆∆Ct method.
Cell transfection. The miR-154 mimic or the corresponding negative control (miR-NC) were purchased from GenePharma (Shanghai, China) The Wnt5a overexpression plasmid (pCDNA3.1-Wnt5a) and blank vector pCDNA3.1 were a kind gift from Dr Yuyi Yao (xuzhou Medical University). Transfection was performed in U2OS cells using Lipofectamine 2000 (Invitrogen) according to the manufacturer's protocol. Transfection efficiencies were evaluated in every experiment 48 h post-transfection.
Cell proliferation and colony formation assay. The cell proliferation was determined by MTT assay. Briefly, U2OS cells (5x10 3 cells/well) were seeded into a 96-well cell culture plate and underwent transfection. Four hours before the end of the experiment, 10 µl of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) (5 mg/ml) was added, and the cells were incubated at 37˚C. Then, the medium was removed and the residue was dissolved in 150 µl dimethyl sulfoxide (DMSO; Sigma-Aldrich). The absorbance of each well was read at 570 nm under a microplate reader (Molecular Devices, Menlo Park, CA, USA).
For the colony formation assay, transfected cells were digested and a single-cell suspension was prepared. Then, the cells were added to 6-well plates (1,000 cells/well) followed by incubation under a normal condition for 24 h. Non-adherent cells were removed. After culture for two weeks, the colonies were fixed with 4% paraformaldehyde for 20 min and counted after staining with 1% crystal violet. The percentage of colony formation was calculated by adjusting the control to 100%.
Cell cycle analysis. Transfected cells were harvested using trypsinization, washed in ice-cold PBS, and fixed in ice-cold ethanol in PBS and incubated overnight at -20˚C. The cells were pelleted and resuspended in 200 µl of PBS with 50 µl RNAase A, and incubated at 37˚C for 1 h. Then, propidium iodide (PI, 750 µl) was added and incubated for 15 min at room temperature. The DNA contents of the samples were determined by FACSCalibur™ flow cytometer (BD Biosciences San Jose, CA, USA). The flow data were then analyzed by CellQuest software (BD Biosciences).
Cell migration and cell invasion. Cell migration and invasion were determined by a wound healing and invasion chamber assay, respectively. For the wound healing assay, transfected cells were seeded into 6-well tissue culture plates for 48 h. Thereafter, an artificial homogenous wound was created in monolayer using a sterile plastic micropipette tip. After wounding, the debris was removed by washing the cells with serum-free medium. The cells were then cultured for another 24 h with serum-free medium. Images were captured at different time points (0 and 24 h) under a light microscope (Leica DMR; Leica, Wetzlar, Germany). Individual cells were quantified as an average of at least five fields for each experiment.
For the invasion assays, transfected cells with 200 µl of serum-free DMEM were placed into the upper chamber of an insert coated with Matrigel (BD Biosciences) following the manufacturer's protocol. DMEM containing 20% FBS was added to the lower chamber as the chemoattractant. After 48 h of incubation, the cells remaining on the upper membrane were removed with cotton swabs, whereas those that had invaded through the membrane were fixed in 90% alcohol and stained with 0.1% crystal violet, and were photographed under an inverted microscope (magnification, x200; Olympus, Tokyo, Japan). The number of invaded cells was counted in five randomly selected fields.
Vector construction and luciferase assays. The wild-type 3'-UTR segment of Wnt5a containing the potential binding site of miR-154 was synthesized, annealed, and ligased into the pGL3-control vector (Ambion, Austin, Tx, USA) at XhoI/NotI restriction sites (Promega, Madison, WI, USA). Mutations of Wnt5a 3'-UTR were introduced using the QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA, USA), then ligased into the XhoI and NotI sites in the pGL3-control vector (Ambion).
For the luciferase assays, MG63 cells were co-transfected with wild-type (WT) or mutant (Mut) 3'-UTR of pGL3-Wnt5a and miR-154 or the miR-NC, and cultured for 48 h. Then the dual luciferase activities were examined using the Dual-Luciferase Reporter Assay system (Promega).
Western blot analysis. Cells or tissues were harvested, and then the total protein was isolated with M-PER ® Mammalian protein extraction reagent (Pierce, Rockford, IL, USA) according to the manufacturer's protocol. Total protein concentrations were assessed using the BCA assay kit (Sigma). Samples with the same amount of total protein (30 µg) were separated by 10% SDS-PAGE gel and transferred onto nitrocellulose membranes (Millipore, Boston, MA, USA). The membranes were blocked with TBST containing 5% non-fat milk for 2 h and incubated with antibodies against human Wnt5a (1:1,500) and anti-GAPDH (1:3,000; both from Santa Cruz Biotechnology, Santa Cruz, CA, USA) at 4˚C overnight. After washing with TBST twice, the membranes were then incubated with an HRP-conjugated goat anti-mouse IgG antibody (1:5,000, Santa Cruz Biotechnology) for 2 h at room temperature. Protein bands were visualized on x-ray film using an enhanced chemiluminescence detection system (ECL; Beyotime, Shanghai, China). GAPDH was used as an endogenous reference.
Statistical analysis. All data are presented as mean ± standard deviation (SD) from at least three separate experiments. Data were analyzed using SPSS 16.0 (SPSS, Chicago, IL, USA). Statistical significance was evaluated using the Student's t-test or ANOVA. P<0.05 was considered to indicate a statistically significant difference.
Results
miR-154 is downregulated in osteosarcoma tissues and cell lines.
To investigate the possible role of miR-154 in OS, we first examined the expression of miR-154 in 44 human OS specimens and corresponding adjacent normal tissues by qRT-PCR. As shown in Fig. 1A , the expression levels of miR-154 in the OS samples were lower than those in the normal tissue samples. Similarly, miR-154 expression was downregulated in the human OS cell lines (HOS, Saos-2, U2OS and MG-63) compared with the NHOst cells (Fig. 1B) . U2OS cells exhibited the lowest expression of miR-154 among the four OS cell lines, and were selected for subsequent studies. These results provided us with initial evidence that miR-154 may be a tumor-suppressor miRNA in the development of human OS.
miR-154 inhibis the cell growth of osteosarcoma cells.
To investigate the cellular function of miR-154 in OS, U2OS cells were transfected with the miR-154 mimic or miR-NC. qRT-PCR was used to verify the transfection effect. The miR-154 level was higher in the U2OS cells transfected with the miR-154 mimic than the expression level in the cells transfected with miR-NC ( Fig. 2A) . Cell proliferation and colony formation assay were then assessed in the U2OS cells transfected with miR-154 mimic or miR-NC. The data indicated that restoration of miR-154 expression in the U2OS cells significantly inhibited cell proliferation (Fig. 2B ) and colony formation (Fig. 2C) . As proliferation is directly linked to cell cycle distribution, the effect of miR-154 on cell cycle progression was analyzed. Compared with miR-NC, U2OS cells transfected with the miR-154 mimic displayed an increased percentage of cells in the G1 phase and fewer cells in the S phase (Fig. 2D) . These results suggest that miR-154 inhibited OS cell growth partly due to G1-phase arrest.
miR-154 inhibits cell migration and invasion in osteosarcoma cells.
To investigate the role of miR-154 in OS migration and invasion, U2OS cells were transfected with the miR-154 mimic, and then wound healing and invasion chamber assays were performed. It was found that upregulation of miR-154 signifi- cantly decreased migration (Fig. 3A) and invasion (Fig. 3B) in the U2OS cells.
Wnt5a is a new target gene of miR-154 in osteosarcoma cells.
To explore the mechanisms involved in miR-154-mediated tumor suppression, bioinformatic analysis was performed using three computational algorithms (TargetScan, miRwalk and miRanda) to predict its mRNA targets. Bioinformatic analysis showed that Wnt5a may be a direct target (Fig. 4A) . To further confirm this prediction, a luciferase reporter assay was performed in U2OS cells. As shown in Fig. 4B , miR-154 significantly inhibited the luciferase activity of the wild-type (Wt) 3'-UTR Wnt5a but not the mutated (Mut) 3'-UTR Wnt5a in the U2OS cells (Fig. 4B) , indicating the direct regulation of miR-154 in the 3'-UTR of Wnt5a mRNA. We next examined whether miR-154 could regulate endogenous Wnt5a expression in U2OS cells. Compared with miR-NC, endogenous Wn5a mRNA (Fig. 4C ) and protein levels (Fig. 4D) were downregulated when the cells were transfected with miR-154. These results indicate that miR-154 directly binds to the 3'-UTR of Wnt5a repressing its expression.
Wnt5a is inversely correlated with miR-154 in osteosarcoma.
Next, we determined the expression of Wnt5a in OS samples and corresponding normal tissues. We found that Wnt5a mRNA (Fig. 5A ) and protein expression levels (Fig. 5B) were upregulated compared with levels in the matched normal tissues. We also detected the Wnt5a expression in four human osteosarcoma cell lines (HOS, Saos-2, U2OS and MG-63) and normal osteoblast cells (NHOst) by western blot analysis. Wnt5a protein expression was obviously upregulated in the four OS cell lines compared with that in the normal osteoblast cells (NHOst) (Fig. 5C) . Meanwhile, Wnt5a mRNA expression was inversely correlated with miR-154 expression in the OS tissues by Spearman's correlation analysis (r=-0.935, P<0.001) (Fig. 5D ).
Wnt5a overexpression attenuates the effect of miR-154.
To determine whether the role of miR-154 in OS is mediated by Wnt5a, U2OS cells were transfected with overexpression plasmid pCDNA3.0-Wnt5a or the vector. The efficiency of pcDNA3.0-Wnt5a transfection was determined by qRT-PCR or western blot analysis. As shown in Fig. 6A and B, the expression of Wnt5a at the mRNA and protein levels was significantly increased in the U2OS cells after transfection with the overexpression plasmid pCDNA3.0-Wnt5a. U2OS cells were cotransfected with miR-154 or miR-NC and a Wnt5a-overexpressing plasmid, pcDNA3.0-Wnt5a, and then cell proliferation, colony formation, migration and invasion were determined at the indicated times. The results showed that overexpression of Wnt5a dramatically reversed the tumor-suppressive effects of miR-154 on cell proliferation (Fig. 6C) , colony formation (Fig. 6D), migration (Fig. 6E) and invasion (Fig. 6F) . These results suggest that miR-154 acts as a tumor suppressor in OS by targeting Wnt5a. as tumor initiation, cell proliferation, apoptosis and metastasis (5-7). Thus, a better understanding of the underlying molecule mechanisms of miRNAs involved in tumor initiation and progression may provide a new strategy for diagnosis and therapy of various cancers including OS. Here, to the best of our knowledge, we first report that miR-154 was significantly decreased in OS tissues and cell lines, and that restoration of miR-154 suppressed OS cell proliferation, migration and invasion. Furthermore, Wnt5a was confirmed as a direct miR-154 target and its expression was inversely correlated with miR-154 expression in OS tissues. Of note, overexpression of Wnt5a substantially reversed the tumor-suppressive effects of miR-154 in regards to OS cell proliferation, migration and invasion. These results may contribute to the understand of the role of miRNAs in OS and to identify a novel potential therapeutic target for OS treatment.
miR-154, located on human chromosome 14q32, is frequently downregulated in several types of cancers, including prostate (17) , breast (18) , liver (17) , non-small cell lung (19) , colorectal (20) and thyroid cancers (21) . It has been reported that miR-154 functions as a tumor suppressor in several types of cancers by targeting several oncogenes (17) (18) (19) (20) (21) (22) (23) . Consistent with these results, in the present study, we found that miR-154 expression was significantly downregulated in human OS tissues and exerted a tumor-suppressive function by targeting Wnt5a.
Wnt5a, an important member of the Wnt family, is a critical transcription factor in cells (22) . It has been reported that Wnt5a plays an important role in various biological processes, such as cell self-renewal, differentiation, migration, invasion, proliferation and apoptosis (23) . Accumulating evidence shows that Wnt5a expression is upregulated in many human tumors, such as human lung squamous cell carcinoma, melanoma, gastric, breast and prostate cancer (24, 25) , suggesting that Wnt5a has oncogenic properties. Recently studies have shown that Wnt5a expression is upregulated in OS tissues and cell lines (26) , and that downregulation of Wnt5a expression in OS cells inhibited cell growth, decreased migration and invasion, as well as reduced the transformed phenotype of OS cells in vitro (27) , suggesting that Wnt5a acts as an oncogene in OS and promotes the tumorigenesis of OS. In addition, Wnt5a was identified as a target of several miRNAs, including miR-26a (28), miR-217 (29), miR-590-5p (30) and miR-374 (31) . Here, we confirmed that miR-154 directly targets Wnt5a by a luciferase reporter assay, qRT-PCR and western blot analysis. We also found that Wnt5a expression was upregulated in OS tissues and cell lines, and its mRNA expression was negatively correlated with miR-154 expression in OS tissues. Of note, Wnt5a substantially reversed the tumor-suppressive effects of miR-154 on OS cells. Collectively, these findings suggest that miR-154 functions as a tumor suppressor partially by targeting Wnt5a.
Taken together, the results presented here first demonstrate that the miR-154 expression level was decreased in OS tissues and cell lines, and that restoration of miR-154 inhibited cell proliferation, migration and invasion. Moreover, we identified Wnt5a as a crucial target gene of miR-154, and found that Wnt5a expression was inversely correlated with miR-154 expression in OS tissues. Restored expression of Wnt5a weakened miR-154-mediated suppression of tumor progression.
Taken together, these findings suggest that miR-154 functions as a tumor suppressor in OS by partially suppressing Wnt5a expression.
